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We reconsider the problem of f(R) theories of gravity coupled to Born-Infeld theory of electro-
dynamics formulated in a Palatini approach, where metric and connection are independent fields.
By studying electrovacuum configurations in a static and spherically symmetric space-time, we find
solutions which reduce to their Reissner-Nordstro¨m counterparts at large distances but undergo
important non-perturbative modifications close to the center. Our new analysis reveals that the
point-like singularity is replaced by a finite-size wormhole structure, which provides a geodesically
complete and thus nonsingular space-time, despite the existence of curvature divergences at the
wormhole throat. Implications of these results, in particular for the cosmic censorship conjecture,
are discussed.
PACS numbers: 04.40.Nr, 04.50.Kd, 04.70.Bw
I. INTRODUCTION
The quest for regular solutions has historically been a
powerful driving force in Physics. A well known example
is given by the problem of the divergence of Coulomb’s
field in classical electrodynamics. Consideration of this
problem gave rise to the development of classical models
of the electromagnetic field, most remarkably the one in-
troduced by Born and Infeld [1]. In such model, at far
distances Coulomb’s field is recovered, while deviations
close to the center yield a finite total energy, though sin-
gularities are still present under the form of delta-like
sources at r = 0. As is well known, the full resolution of
this problem was only achieved within the framework of
quantum theory.
Space-time singularities are different beasts. As op-
posed to singularities of the fields living on a fixed space-
time background, these are singularities of the back-
ground itself. Indeed, because they represent a break-
down of the geometry, this even prevents to speak of
singularities as some troublesome event occurring in a
specific location of the space-time, since the absence of
a well defined geometry makes one not able to speak on
such a “location” (see for instance the discussion pre-
sented in Ref.[2]). This difficulty was explicitly acknowl-
edged during the development of the singularity theorems
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[3]. To overcome it, one focuses instead on the idea of
geodesic completeness and singularities are thus attached
to the existence of geodesic curves terminating on a finite
length of the affine parameter [4]. In this way, under the
requirements of the existence of trapped surfaces, global
hyperbolicity and the fulfillment of the null congruence
condition (which is equivalent to the energy conditions,
provided that the Einstein equations of General Rela-
tivity (GR) hold), the singularity theorems tell us that
space-time singularities are unavoidable [5].
When a geodesic curve cannot be arbitrarily extended,
one is tempted to assume that this happened due to the
existence of some kind of pathology in the structure of
space-time, like the blow up of curvature scalars for in-
stance. Although this is not what the theorems on singu-
larities say, there is a widespread identification between
space-time singularities and curvature divergences in the
literature, which has shaped numerous attempts to over-
come the singularity problem in the context of GR, by
constructing ad hoc classical geometries where the cur-
vature scalars are bounded (see e.g., Ref. [6] for a re-
view). This has been highly influenced by the success of
Bardeen’s solution [7], where a magnetic monopole, so-
lution of a non-linear electrodynamics model [8], gets rid
of curvature divergences (and becomes geodesically com-
plete) by introducing a de Sitter core at the center [9].
This gives a great relevance to classical models like the
Born-Infeld one, which consequently have been widely
studied [10], with the result that curvature divergences
can be softened, but not completely got rid of. The latter
requires instead more exotic models violating the energy
conditions or which are physically troublesome [11, 12].
2Nonetheless, let us stress that geodesic completeness is
regarded in the literature as the most fundamental crite-
ria to discuss space-time singularities1 above the intuitive
criterion of curvature scalars [3, 5, 13], and that no iden-
tification exists between the former and the latter.
A different viewpoint on this issue, is to assume that
the dynamic at very short scales is not fully captured by
GR. Space-time singularities are thus viewed as an arti-
fact resulting from the inadequacy of GR to deal with ex-
treme scenarios, like the innermost region of black holes.
One of the simplest extensions of GR is that of f(R)
gravity, which has been extensively studied in the lit-
erature (see for instance Ref.[14] for some reviews and
also [15] for some recent work). In this sense, in Ref.[16]
two of us considered an f(R) = R − γR2 model, for-
mulated in the Palatini approach, where the metric and
connection are not constrained a priori, but instead de-
termined by independent variations of the action [17].
Such an approach is supported by the effective geome-
tries arising from the study of the continuum limit of
crystalline systems with defects on their microstructure
[18, 19], where different types of defects require different
geometric structures. The Palatini formulation hinges on
the fact that metric-affine geometric scenarios might be
relevant in gravitational physics too.
The new gravitational dynamics present on f(R) theo-
ries can only be excited when coupled to a matter source
whose energy-momentum tensor is non-traceless. This
prevents using Maxwell electrodynamics to obtain modi-
fications with respect to GR solutions. For this reason, in
Ref.[16] the Born-Infeld (BI) nonlinear electromagnetic
theory was used, which allowed the authors to compare
the solutions with those obtained in GR in static and
spherically symmetric space-times. That work identified
the existence of solutions which reduce to the BI coun-
terpart of GR at large distances, but undergo important
modifications near the center with two main features, i.e.,
the existence of a core at a distance r = rc 6= 0, and the
softening of curvature divergences, from the∼ 1/r4 diver-
gence of the BI-GR case [and the ∼ 1/r8 of the Reissner-
Nordstro¨m (RN) solution], down to ∼ 1/(r − rc)2.
Supported on a series of results obtained in the last few
years regarding other Palatini theories [20, 21], the aim
of this paper is to revisit the results of Ref.[16] (which are
summarized in Sec. II, for the reader’s convenience and
completeness) and identify two new important aspects
previously unnoticed. First, in Sec. III we show that the
core at r = rc actually represents the throat of a worm-
hole. Second, in Sec. IV we show that the presence of
the wormhole yields a geodesically complete space-time
for both null, time-like and space-like geodesics, no mat-
ter the behavior of the curvature scalars. The geodesic
1 This is because some geodesics, being interpreted as the existence
of physical observers, should exist and be defined everywhere,
while the presence of large deformations suffered by those ob-
servers becomes secondary as long as geodesics exist.
completeness of these solutions puts forward that this
f(R) theory with a matter source satisfying the energy
conditions is yielding nonsingular space-times, which is
in sharp contrast with the RN and BI solutions of GR,
and the standard approaches to the resolution of space-
time singularities typically found in the literature. The
conclusions are presented in Sec. V.
II. REVISITING PALATINI f(R) GRAVITY
WITH A BORN-INFELD FIELD
In this section we shall revisit the main results de-
veloped in Ref. [16], corresponding to an action S =
SG + SBI , where SG is the gravitational sector
SG =
1
2κ2
∫
d4x
√−gf(R), (1)
where κ2 = 8πG (in units c = 1), g is the determinant
of the space-time metric gµν , which is independent of
the affine connection Γ ≡ Γρµν (Palatini or metric-affine
approach [17]), R = gµνRµν(Γ) is the curvature scalar
constructed with the Ricci tensor Rµν(Γ), which only
depends on the affine connection Γ, and f(R) = R −
γR2 is the particular model we will be interested in this
work, with γ a small parameter with dimensions of length
squared. In their more standard metric formulation (i.e.,
a connection compatible with the metric a priori), these
types of quadratic f(R) models have attracted a lot of
attention in the context of inflation [22]. For the purposes
of this work we shall assume γ > 0. The matter sector
is described by Born-Infeld theory of electrodynamics,
SBI = (8π)
−1
∫
d4x
√−gϕBI(X,Y ), with
ϕBI(X) = 2β
2
(
1−
√
1− X
β2
− Y
2
4β4
)
, (2)
whereX = − 1
2
FµνF
µν and Y = − 1
2
FµνF
∗µν are the field
invariants which can be constructed with the Maxwell
field strength tensor Fµν = ∂µAν − ∂νAµ and its dual
F ∗µν = 1
2
ǫµναβFαβ . Note that in the limit β → ∞ the
Maxwell Lagrangian, ϕ(X) = X , is recovered from (2).
By introducing an auxiliary metric hµν = fRgµν , which
is conformally related with gµν , the field equations in
Palatini f(R) gravity can be cast in Einstein-like form
[16]
Rµ
ν(h) =
1
f2R
(
f
2
δµ
ν + κ2Tµ
ν
)
, (3)
We recall, see [16] for details, that fR ≡ df/dR is a func-
tion of the trace T of the energy-momentum tensor [in the
particular case f(R) = R−γR2, one has that R = −κ2T ,
which is the same relation as in GR], which means that
the right-hand-side of the field equations (3) is just a
function of the matter. This implies that (3) represents a
3system of second-order field equations for the metric hµν ,
which is in sharp contrast with the generic fourth-order
field equations that one finds in the metric formulation
of these theories [14].
From the generic expression of the energy-momentum
tensor for non-linear electrodynamics
Tµ
ν =
1
8π
diag[ϕ− 2XϕX , ϕ− 2XϕX , ϕ, ϕ] (4)
one verifies that the trace, T = 1
2pi [ϕ − XϕX ], is non-
vanishing for the case of Born-Infeld theory. This way,
one is able to provide modified dynamics to the field
equations (3) and, therefore, to gµν . Note that in vac-
uum, Tµ
ν = 0, one has gµν = hµν and the field equa-
tions (3) reduce to those of GR with a cosmological con-
stant and, therefore, the theory is free of ghosts. Let
us point out that both the second-order character of the
field equations and the absence of ghost is a generic char-
acteristic of the Palatini formulation of modified grav-
ity, which holds for models including Ricci-squared terms
[20], in Born-Infeld gravity actions [21, 23], and in higher-
dimensions [24].
Solving the above equations for hµν and using the con-
formal transformation at the end, a solution for gµν in
a (electro-)static, spherically symmetric space-time with
X = F 2tr, Y = 0 can be obtained in exact form [16] . To
simplify the notation, we introduce a length scale for the
charge r2q = κ
2q2/(4π) and another for the Born-Infeld
nonlinearities l2β = 1/(κ
2β2), and define a new dimen-
sionless coordinate z ≡ r/rc, where rc ≡ (4π)1/4
√
rqlβ.
Using this notation, the line element can be conveniently
written as
ds2 =
1
fR
(
−A(x)dt2 + 1
A(x)
dx2 + x2dΩ2
)
, (5)
where the function A(x) can be written by introducing
the standard mass ansatz A(x) = 1− 2M(x)/x, which in
this case is given by
A(x) = 1− 1 + δ1G(z)
δ2zf
1/2
R
, (6)
where the function G(z) satisfies
dG
dz
=
z2
4f
3/2
R
(
f˜ +
ϕ˜
4π
)(
fR +
z
2
fR,z
)
, (7)
and we have the important relation
x2 = fRz
2 , (8)
which follows from the conformal relation between hµν
and gµν and allows us to obtain z = z(x). Deriving
Eq.(8) we also obtain the equation
dx
dz
= f
1/2
R
(
1 +
zfR,z
2fR
)
(9)
which shall be useful later.
The function G(z) gets contributions from two sides:
the f(R) gravity
f˜ ≡ l2βf =
η(z)
2π
(
1− α
2
η(z)
)
(10)
fR = 1− αη(z), (11)
where α ≡ γ/(2πl2β), and the Born-Infeld model
ϕ˜(z) = 2
(
1− 1√
1 + 1/z4
)
(12)
η(z) =
(
z2 −√1 + z4)2
z2
√
1 + z4
. (13)
In this way, the problem is characterized by three param-
eters, namely
δ1 = 2(4π)
3/4 rq
rS
√
rq
lβ
; δ2 =
rc
rS
(14)
(where rS ≡ 2M0 is Schwarzschild radius) and α. In
the limit α → 0 we have fR → 1 and thus we recover
the solutions of Born-Infeld theory in GR [10]. On the
other hand, the limit α→∞ corresponds to the Maxwell
theory which, as was already mentioned, takes us back
to the RN space-time of GR.
III. WORMHOLE STRUCTURE AND MAIN
FEATURES
The space-time described by the line element (5) cor-
responds to a modification of the solution of Born-Infeld
electrodynamics coupled to GR, which is recovered a few
units away from the surface r = rc, where large non-
perturbative corrections occur. For z ≫ 1 one obtains
gtt ≃ 1− 1
δ2z
+
δ1
16πδ2z2
+
δ1
320πδ2z6
+
γ
4z8
+O
(
1
z9
)
.
(15)
The first three terms correspond to the RN solution with
mass and charge of GR. Next we find the Born-Infeld
induced corrections (where γ = γ(α) is some constant)
and those of f(R) gravity, both of which are largely sup-
pressed. In terms of horizons, a numerical analysis re-
veals [16] that the typical structure of two horizons, a
single (degenerate) one, or none of the RN solution is re-
stored, which is in contrast with the additional structures
found in the Born-Infeld-GR case, where black holes with
a single (non-degenerate) horizon may arise [10].
To investigate the structure of the region r ≃ rc in de-
tail, Eq. (8) is very important. Given that an analytical
expression for z = z(x) is difficult to write, in Fig.1 we
provide a graphic representation for different values of
4the parameter α. From this plot it is apparent that z(x)
reaches a minimum of magnitude zc(α), where
zc(α) =
1 + 2α−√1 + 4α
2
√
1 + 4α
, (16)
at the location x = 0. This minimum in the area function
denotes the existence of a wormhole [25] and prevents the
use of z as a good radial coordinate across the throat.
Figure 1. Behavior of the radial function z(x). For large |x|,
one has z2 ∼ x2 and the standard GR result. Note the bounce
of the radial coordinate at z = zc(α). This behavior is remi-
niscent of a wormhole geometry with z = zc(α) the location
of the wormhole throat. When α = 0 the throat closes and
we recover the GR point-like singularity. The dashed (red)
curve has α = 10−2, the green (dotted) curve α = 10−1, and
the solid (blue) curve corresponds to α = 1.
To further understand this geometry around z ≃ zc,
we expand the metric functions there. For G(z) we find
G(z) ≃ − a(α)
(z − zc)1/2
+ b(α)(z − zc)1/2 +O(z − zc)3/2,
(17)
where a(α) > 0, b(α) > 0 are some constants with an
involved dependence on α. Similarly, using the expansion
of fR:
fR ≃ c(α)(z − zc)− d(α)(z − zc)2 +O(z − zc)3, (18)
where c(α) > 0, d(α) > 0 is another pair of constants.
From Eq.(6) one finally gets
A(x) ≃ δ1a(α)
δ2zcc(α)(z − zc)2 . (19)
The divergent behavior of A(x) at z = zc(α) (i.e., x = 0)
induces similar divergences in the curvature invariants.
For example, the Kretchsmann scalar, K = Rα
βγδRαβγδ
diverges there as
K ∼ 1
(z − zc)2 . (20)
These divergences occur on a spherical surface of area
S(zc) = 4πz
2
c , and are much milder than in the case of
GR: in the standard RN solution one finds a divergence∼
1/r8, which can be tamed down to 1/z4 in the Born-Infeld
case when the model parameters are properly chosen.
Despite the appearance of curvature divergences at the
surface z = zc(α), the existence of the wormhole struc-
ture can be further reinforced exploring the definition of
the electric charge in our theory. This can be defined
through the flux integral
Φ =
∫
S2
∗F = 4πq, (21)
where ∗F is Hodge dual of the field strength tensor and
the integration takes over an S2 sphere (or any other 2-
surface) enclosing the wormhole throat x = 0. If we take
a sphere on the x > 0 region, the result of the integral is
equal in magnitude but of opposite sign to the integral
performed on the x < 0 region due to their different ori-
entation (the normal to the surface goes in the direction
of growing x when x > 0 but in the direction of decreas-
ing x when x < 0). The nonzero flux on each side defines
a charge despite the absence of a charge density. This is
a topological effect well known in the literature. In fact,
this combination of a topologically non-trivial structure
with a sourceless electric field can be seen as a explicit
realization of the concept of geon introduced by Wheeler
[26], and the proposed charge-without-charge mechanism
[27]. It should be noted that in the GR case, i.e., when
α = 0, the wormhole throat closes and the well known
problems with point-like sources of GR arise [28]. Let
us point out that the sources problem cannot be solved
for any theory of non-linear electrodynamics in the con-
text of GR [29], so the introduction of the f(R) model is
essential.
These wormhole solutions have further interesting
properties, related to the rate of growth of the inten-
sity of the electric flux with the wormhole throat area,
i.e.,
Φ
4πr2cz
2
c
=
α1/2
z2c (α)
√
c7
8π~G2
. (22)
This result is independent on the specific amounts of
charge and mass present in the system, and only de-
pends on the parameter α governing the deviations with
respect to GR. Since as long as α 6= 0 the electric flux
is non-zero, it follows that this theory possesses topolog-
ical properties (wormhole) which are independent of its
geometric aspects (curvature divergences). This way we
are naturally led to study the geodesic structure in this
space-time to see if its nontrivial topological structure
affects its properties concerning singularities.
5IV. GEODESIC COMPLETENESS
A geodesic curve γµ = xµ(λ), where λ is the affine
parameter, satisfies the equation [30, 31]
d2xµ
dλ2
+ Γµαβ
dxα
dλ
dxβ
dλ
= 0. (23)
Given that in Palatini theories the action is defined by
assuming as independent the metric and the affine con-
nection, one should clarify what connection is being used
in the above equation. In this sense, we point out that
in our framework the matter sector does not couple di-
rectly to the connection, which implies that the matter
energy-momentum tensor is conserved with respect to
the covariant derivative defined with the Levi-Civita con-
nection of the metric, ∇gµT µν = 0. The physical mean-
ing of this statement is that test particles should move
on geodesics of the metric and, for this reason, here we
will consider those. In our theory, therefore, the role of
the independent connection is that of modifying the field
equations that generate the metric but it does not act
directly on the matter fields. This is what happens in
all theories of gravity that satisfy the Einstein Equiva-
lence Principle, such as in scalar-tensor theories, for in-
stance, where the additional gravitational fields help to
generate the space-time curvature but do not couple di-
rectly to the matter. Note, in addition, that we are using
a sourceless electromagnetic field whose field equations
∇µ(√−gϕXFµν) = 0, are insensitive to the details of
the particular (symmetric) connection chosen.
The geodesic equation (23) can be alternatively written
making use of the unit four vector uµ = dxµ/dλ as
duµ
dλ
+ Γµνσu
νuσ = 0. (24)
Instead of solving (24) directly, we use the fact that
uµu
µ = −k where k = 0(1) for null(timelike) geodesics.
Moreover, without loss of generality, in our static spher-
ically symmetric space-time we can rotate the coordi-
nate system to make it coincide with the plane θ = π/2.
We can also identify two constants of the motion, E =
A−1dt/dλ and L = r2dϕ/dr, which simplifies the anal-
ysis. For time-like geodesics E carries the meaning of
the total energy per unit mass and L that of the angular
momentum per unit mass around an axis normal to the
plane θ = π/2. For null geodesics both E and L lack a
proper meaning by themselves, but we can identify L/E
as an impact parameter [31]. Under these conditions, one
can write the geodesic equation corresponding to the line
element (5) as
1
f2R
(
dx
dλ
)2
= E2 − V (x), (25)
where
V (x) =
A(x)
fR
(
k +
L2
r2(x)
)
. (26)
This equation is similar to that describing the motion of
a particle in a Newtonian potential V (x), and is analo-
gous to that found in scenarios including Ricci-squared
corrections to the gravitational Lagrangian [32]. How-
ever, in the case considered here, the fact that fR → 0 as
x ≃ 0 restricts that interpretation to regions with large
|x|.
Using the relation x2 = z2/fR and Eq.(9) and redefin-
ing λ˜ ≡ λ/rc, we can write the above equation on one
of the sides of the wormhole as (where the sign + (−)
corresponds to ingoing (outgoing) geodesics)
dλ˜
dz
= ±
f
1/2
R
(
1 +
zfR,z
2fR
)
√
E2f2R −A(z)fR
(
k + L
2
r2cz
2
) , (27)
which facilitates the analysis. Note that this equation
holds for any f(R) gravity, provided that its line element
can be written under the form (5).
Let us first consider null geodesics with angular mo-
mentum (k = 0, L 6= 0), and time-like geodesics (k = 1).
We first note that since these space-times reduce to their
GR counterparts for z ≫ 1 we can safely assume the
GR geodesic behavior there. Now, using the expansions
(18) and (19) we study the relevant region around the
wormhole throat z = zc(α). This way one gets the result
dλ˜
dz
≃ ± c
1/2zc
2(z − zc)1/2
√
c2E2(z − zc)2 − δ1aδ2zc
(
k + L
2
r2cz
2
) .
(28)
Given the behavior of the terms within the square root,
it follows that for these geodesics the square root must
vanish before the throat at z = zc is reached, regard-
less of the energy carried by the particle, which implies
that these geodesics cannot reach the wormhole. This
behavior is similar to that found in the RN solution of
GR, where time-like and null geodesics with L 6= 0 can-
not overcome the infinite barrier generated by the central
object [31].
More interesting results are found for null radial
geodesics (k = 0, L = 0), where the geodesic equation
(27) can be written as
E
dλ˜
dz
= ±
(
1 +
zfR,z
2fR
)
f
1/2
R
. (29)
For z ≫ 1, this equation simply gives Eλ˜(z) ≃ ±z, which
is in complete agreement with the GR prediction. Near
the region z = zc, using again the expansions (18) and
(19), we get
6Eλ˜(z) ≃ ∓ zc
c1/2(z − zc)1/2
. (30)
This is in sharp contrast with the behaviour of the stan-
dard RNsolution of GR, where the behavior Eλ˜(z) = ±z
persists at all scales. A numerical integration of the
geodesic equation (29) for any z in the f(R) case has
been depicted in Fig. 2, and compared to the GR behav-
ior (dashed lines). In the GR case, radial null geodesics
do reach the center, x → 0, in a finite time of the affine
parameter [31] and the space-time is regarded as singular,
due to the fact that the geometry cannot be further ex-
tended (because z > 0). In the GR case, therefore, there
is a correspondence between geodesic incompleteness and
the divergence of curvature scalars. However, in our case,
the deformation of the space-time near the region x = 0,
due to the presence of the wormhole structure, allows
null radial geodesics to be extended to arbitrarily large
values of the affine parameter, i. e., λ˜(z) ∈]−∞,+∞[.
Figure 2. Radial null geodesics (ingoing and outgoing), from
numerical integration of (29) and α = 1 (solid blue lines). For
z ≫ 1 the geodesic behavior is the same as in GR (dashed red
lines). As we approach zc(λ) the deviations are manifest, and
the geodesics can be extended to arbitrarily large values of the
affine parameter, in contrast to the GR case. This avoidance
of singularities holds as long as α 6= 0.
For completeness, let us also consider the case of space-
like geodesics, i. e., k = −1. We note first that while the
completeness of null and time-like geodesics is of direct
physical significance, as they are related with physical ob-
servers and the transmission of information, the relevance
of space-like geodesics being complete or not is rather un-
clear (see for instance the discussion presented in Ref.[5]).
For this reason, it is reasonable to assume that time-like
and null completeness are the minimal physical condi-
tions for a space-time to be singularity-free. Going into
the point, inspection of Eq. (28) reveals that the fate
of these geodesics around the wormhole throat is gov-
erned by the sign of the term (1 − L2/r2c) under the
square root. In this sense, if L2 > r2c the square root
will vanish before r = rc and thus these geodesics cannot
reach the wormhole throat (like in the time-like and null
cases above with L 6= 0), while if L2 = r2c the behaviour
is exactly the same as for radial null geodesics. When
L2 < r2c one can integrate the geodesic equation near the
wormhole throat z = zc as (modulo an integration con-
stant) λ˜(z) ≃ ±((cδ2z3c )/(aδ1(1 − L2/r2c))1/2(z − zc)1/2,
which in terms of the coordinate x becomes λ˜(x) ≃
±((δ2zc)/(ac2δ1(1 − L2/r2c ))1/2x. Given that x is de-
fined on the whole real line, it is now apparent that λ˜(x)
can be smoothly extended across the wormhole throat,
which verifies that space-like geodesics in this geometry
are complete as well.
The picture that emerges from this analysis is the ex-
istence of a geodesically complete space-time2 divided in
two sectors (one on each side of the wormhole throat)
which are causally disconnected from each other and,
therefore, cannot exchange information. This is due to
the fact that radial null geodesics, which are associated
to light rays, take an infinite time to reach any of the
wormhole mouths, which means that these wormholes
lie on the future (or past) boundary of the space-time
and, therefore, endless geodesics will never reach this fu-
ture (or past) boundary. This implies the possibility of a
geodesic traveling infinitely from past to future remaining
in a finite spatial region (on one of the sides of the worm-
hole) and avoiding singular behaviour [2]. It is worth
noting that in other scenarios geodesic completeness can
be achieved even if time-like and null geodesics effectively
go through regions with curvature divergences. This is
the case, for instance, of Palatini theories with more gen-
eral curvature dependencies [32] and also of wormholes in
GR under the standard thin-shell approximation [25]. In
these cases, one might be concerned with the impact of
curvature divergences on physical observers [34], as stud-
ied in [35–37], but that is an aspect that does not affect
the model presented here.
V. CONCLUSIONS
The results obtained in this paper show that even sim-
ple extensions of General Relativity, such as quadratic
f(R) gravity, may provide useful insights into the res-
olution of space-time singularities in conventional four-
dimensional classical scenarios. The new gravitational
dynamics yields a geometry in which point-like singu-
larities are replaced by a wormhole structure, of area
4πr2c , while recovering the GR geometry a few rc units
away from the wormhole throat. The non-trivial topol-
ogy of the wormhole provides an explicit implementa-
tion of Wheeler’s charge-without-charge mechanism in
such a way that the electric flux per unit area at the
wormhole throat remains a universal constant. Though
2 Note that this is a purely gravitational effect of our framework
and not of the matter sector, since the GR counterpart with
Born-Infeld electrodynamics is geodesically incomplete [33].
7curvature divergences arise at the wormhole throat, we
show that the resulting geometry is geodesically complete
and, therefore, nonsingular. We point out that this result
follows from a combination of gravitational and matter
actions that satisfy all the energy conditions, and does
not rely on any particular quantum gravity scheme: the
singularity avoidance is realized in terms of a classical
space-time geometry.
Together with the results obtained in other theories of
gravity including higher-order corrections in the curva-
ture invariants [32], it seems that the singularity avoid-
ance is a generic and robust feature of Palatini gravities,
resulting from the emergence of a topological wormhole
structure close to the center of the black hole. This prop-
erty is not unique of four dimensional models and per-
sists in higher dimensional scenarios [24, 38]. We also
note that the same models that remove the point-like
singularity in black holes, also produce nonsingular cos-
mologies where the Big Bang singularity is replaced by
a cosmic bounce [23, 39]. These results might have rele-
vant implications for the weak cosmic censorship conjec-
ture, which establishes that singularities produced in the
gravitational collapse should always be hidden behind an
event horizon, so as not to be seen by distant observers
[40]. The validity of this conjecture, originally introduced
to ensure the predictability of the laws of physics, is still
controversial [41]. Here we point out that if new high-
energy physics occurring in the process of gravitational
collapse could be described in terms of metric-affine or
Palatini theories, like the one considered here, the avoid-
ance of singularities [understood as geodesically complete
space-times] would remove the need for such a conjec-
ture. To offer a complete answer to this question is still
premature, as current research in gravitational collapse
in Palatini theories is rather scarce. In this sense, our
results point out that the removal of space-time singu-
larities is a non-perturbative phenomenon, which would
imply the validity of GR up to scales very close to the
center of black holes. Research along these lines is cur-
rently under way.
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